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ABSTRACT
The object of this investigation is to determine relative stress
concentration factors (SCFs) for penetrations in submarine structural
frames.
Phase I concerned itself with elliptical penetrations with ratios
of a/b (major axis/minor axis) from 1 (a circle) to 1 .84* These pene-
trations were made in the center of Columbia Resin (CR-39) photoelastic
plates with "a 8* approximately equal to 1 M . The plate sizes were origi-
nally 6tt x 6n x i" and were reduced in size along the edge parallel to
the major axis wa" during experimentation to simulate edge effect on
the penetrations
«
A biaxial compression field was applied to the model's edge with
ratios of K (stress parallel minor axis "b n/stress parallel major axis "a")
greater than one 9 Using a circular polariscope the isochromatic patterns
were observed and the SCFs computed.
It was found that a circular hole penetration at a specified location
always has a lower SCF than an elliptical hole with its major axis "a"
equal to the circle's diameter and with the major axis parallel to the
radial stress direction. This is true for values of K greater than one.
It was also found that this advantage of circular holes is greater as the
distance to the edge is decreased.
Phase II was to establish the relationship between SCFs for cir-
cular penetrations with the variables being web depth,, flanges, and
relative location in the submarine frame.
The first model was a g" thick circular ring of CR-39 with the
outside diameter 8" and the inside diameter $". Five £n circular holes
were drilled in the model starting at a radius of 3 3/4" and incrementing
inward in steps of 1/8** with 60° spacing between holes to prevent mutual
interference
o
The model was subjected to a hydrostatic pressure loading through
a hoop loading cell. The isochromatic patterns were observed and the SCFs
computed. This experiment was repeated with the addition of a flange on
the inside edge, again without a flange but with the inside diameter
increased to 6" (third model), and finally with the addition of a flange.

It was found that for the ratio of outside radius to inside radius
of 1,60 (first model) the best location for the placement of a circular
penetration with a diameter equal to 16,6$ of the web's depth is 72.5$
of the web's depth measured outward from the inside edge of the web When
the ratio decreased to 1 *33 (third model) the best location approached
to within U»0% of the centerline of the web„ The addition of flanges had
the effect of moving the location slightly towards the center of the model.
It was also found that deviation from the established location of minimum
SCF for penetrations in a submarine web with flange should be in an outward
radial direction to minimize the SCF.
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I. INTRODUCTION
Penetrations in submarine frames are an ever increasing problem
that submarine design engineers have to fade. The deeper the submarines
of today and the future go, the more evident the problem will become
The present state of the art of penetrations is limited to a few common
cases, and an overall attack on the subject is lagging behind the needs
of the design engineer of today,,
A publication issued by the Navy Bureau of Aeronautics state
s,
"While minor improvement in fatigue life may be accomplished merely by
changing material, few serious fatigue difficulties have been corrected
in this way. Such difficulties are almost always traceable to improper
design,, fabrication, and maintenance. . . By studying stress concentra-
tion factors much can be learned about how to produce designs that are
superior from the standpoint of resistance to repeated loads and how
to evaluate approximately the influence of various geometric features
.
M
Every penetration in a structural member carrying loads causes the
formation of stress concentrations. If these penetrations are close
to the edge, large relative to the width of member, or in close prox-
imity to each other, the stress concentrations are increased. If the
stress concentrations are prohibitive, steps must be taken to allevi-
ate the problem.
The data to date applies only to several classes of penetrations
and loading conditions. This limited supply of information causes a
design engineer, when faced with an unknown penetration situation, to

either restrict the load to a smaller portion than actually possible
or to overdesign the structural member,, Since computations of unknown
penetrations are tedious and long, and methods often nonexistent,
overdesign is the avenue of approach to be on the safe side. This
overdesign cannot be accepted in the high strength metals used in
submarines of today and the future, since the deep diving submarine
is becoming a weight critical structure as the depths are increased.
The methods of analysis to determine stress concentrations may
be through mathematical calculations, full scale studies, and model
studies. The mathematical calculations for penetrations are mainly
limited to symmetrical models with large exterior dimensions relative
to the dimension of the penetration. The restrictions of this method
make it unfeasible for submarine frame analysis. Full scale studies
are impractical due to the enormous size of submarine frames and the
expense that would be involved Model analysis using photoelasticity
has therefore been chosen as the best method to aid the designer of
submarine frame penetrations
Applying the photoelastic method to models of submarine penetrations
is inexpensive, rapid, and accurate. This is the best method to analyze
the deficiency in a given shaped penetration, to determine how to
correct it, and to check the final solution. The intention of this
paper is to accomplish this analysis.
Phase I of this experiment was to establish the relative stress
concentration factors between ellipses of various a/b (major axis/minor
axis) ratios and various edge distances. This was performed in a stress

field similar to that existing in a submarine structural frame under
hydrostatic pressure loading.
Phase II of this experiment was to establish the relationship
between stress concentration factors for circular holes in submarine
frames with the variables being web depth, flanges, and relative




The photoelastic material chosen for this experiment was
Columbia Resin hereafter referred to as CR-39 9 This material
is a clear material with good photoelastic properties in compression
loading and good machining characteristics* See Appendix A. In a
meeting with Mr. E„ Chapman of Chapman Laboratories, the fact was
stressed that by using CR-39 one gets the maximum experimental return
on money used for photoelastic material. This was a contributing
factor in choosing CR-39 since minimum cost was one objective of this
experiment.
Four models were made with nominal dimensions 6a x 6W x
^
w
with different type holes machined in their respective centers. The
holes, or penetrations, investigated were a circle and ellipses with
a/b equal to 1.11, 1.42, and 1.84. The approximate length of the major
axes in the above cases was 1 w
.
A tensile specimen was machined in conjunction with the machining
of the models as described in Appendix A. This tensile specimen was
used to determine the photoelastic fringe constant of the material. See
Appendix E, Figure V.
The models were placed in a biaxial compression loading frame
described in Appendix A. The load parallel to the major axis was
varied in increments from 0% to 10G$ of the load parallel to the minor

axiSo
As the side load was varied in increments, the isochromatic
pattern created by using a polariscope with circular polarized light
with a dark field was observed, recorded, and photographed. The main
purpose of this phase was to determine stress concentration factors,
so data was only recorded at the intersections of the major and minor
axes with the edge of the penetration. This data was then converted
to stress concentration factors as shown in Appendix Co
After the above testing of models and recording and conversion
of data, a portion of the model parallel to the major axis of the
penetration was removed on one side to simulate edge effect. The same
experimental procedure was then repeated,,
PHASE II
o
CR-39 was used for this phase for the same reasons as stated in
Phase I.
A circular ring model was made from CR-39 to represent a submarine
structural frame. The outside diameter was 8™ and the inside diameter
was 5W . The model was ^tt thick. Five £ tt circular holes were drilled
in the model starting at a radius of 3 and 3/4 * and incremented
inward in steps of l/8" These holes were spaced at equal angles of
60°(reference the geometric center of the model). The 60° provided
more than adequate distance between holes to prevent mutual inter-
ference between hole fringe patterns when loaded.
The model was then placed in a hoop loading cell described in

Appendix A. as described in Appendix A, the loading cell read
simulated pressure directly. The model was then subjected to a given
pressure
o
At a given pressure the isochromatic patterns created by using
a polariscope and alternating dark and light field were drawn on
tracing paper. This was done for each of the five circular penetrations,
The objective was to find the location in the stress field con-
taining the minimum stress concentration factor for a circular hole.
After the above testing a l^w wide £" thick Cadco cast acrylic
resin tube was attached to the inner surface of the model to simulate
flange effect. This flange was attached with epoxy cement since CR-39
is insoluble and cannot be joined by conventional methods. The model
was then subjected to the same pressure as before and the isochromatics
again recorded.
The model was then machined to remove the flange and make the
inside diameter of the model 6W . The experiment was conducted with
this geometric configuration. A flange of the same cross sectional





The best evaluation of the results is by relative comparison
of the stress concentration factors for the penetrations under
variation of edge distance, A range of K (the ratio of
^sT^onQjjai
parallel minor axis/CT" . , parallel major axis) values from about
1 .0 to <*> were used to determine the stress concentration factors at
the intersection of the major and minor axes with the elliptical holes*
Only the value K equal to 5«0 will be presented in these results. K
equal to 5*0 was chosen because it represents the approximate ratio of
the actual stresses in present day submarine structural frames under
hydrostatic pressure The values of the stress concentration factors
computed for the intersection of the minor axes with the elliptical












2d/b* SCF 2d/b SCF 2d/bJ SGF 2d/b SCF
Circle 1 ,00 6,05 2.39 3o94 c.oLfj 2,94 2,58 1.94 2.70
Ellipse 1.11 5.85 2.47 3.78 2.59 2,82 2.67 1,87 2,91
Ellipse 1,42 7.45 2.58 5.02 2.64 3.79 2.72 2.66 3.10
Ellipse 1,84 9.74 2.68 6.40 2.71 4.27 2.86 3.16 3.26
*2d/b = ratio of \ minor axis dimension/edge distance
measured from center of hole to near edge.

These results are plotted in Figure I.
Photographs were taken in conjunction with values of K equal
to about 5«0 These photographs showed the trend visually indicated
by the above table and Figure I.
PHASE II.
For this phase the stress concentration factor is defined as the
ratio of the largest stress observed at the edge of a penetration to
the theoretical maximum stress existing in the ring frame without
penetrations but with the same hydrostatic loading.
The stress concentration factors were computed for both sides of
the penetrations in a radial direction. The maximum stress without
penetrations for each model investigated was the circumferential stress
at the inner surface of the model. The stress gradients are represented
in Appendix E, Figure XV.
For presentation and comparison purposes see Figure II. This
Figure presents the maximum stress concentration factor as defined
above for each hole with the independent variable being the radial
distance to the center of that hole. The four model configurations
are plotted together for relative comparison. This comparison is
independent of the magnitude of the hydrostatic loading, since the stress
concentration factors are constant with the linear variation of stresses
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IV. DISCUSSION OF RESULTS
PHASE I,
The geometry of the problem under consideration in this thesis
makes absolute quantitative correlation quite difficult. The model
plate size of six inches square with approximately one inch holes was
chosen to represent an infinite field prior to machining off of the
edge to produce edge effect. This ratio of plate width to hole
diameter (6;1) was chosen based on work by Durelli and Murray (4)*
and by Griffel (8). The ratio of the hole diameter to plate thickness
(2s1) is also a geometric factor governing the absolute quantitative
correlation.
The method of loading described in Appendix A tends to have a
lesser degree of experimental error as the value of K increases. This
is evident on the plot of the circle and ellipse (a/b=1 .84) of the
6"x6n models (Appendix E, Figure Vl) • The reason for this tendency is
that it is extremely difficult to get perfect allignment of loading
blocks on all four sides of the model. As the side load decreases
(K increases) any degree of misallignment is lessened since the
predominance of loading in only one direction is increased. This is
a more accurate and precise loading configuration.
This loading problem was evident early in experimentation. As
a double check on the data recorded and the visual symmetry of the
^Numbers in parentheses refer to Literature Citations.
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biaxial compression field, a series of uniaxial compression runs were
made. First a run was made with a single load applied parallel to the
major axis and then with a single load applied parallel to the minor
axis. Using the theory of superposition this data was combined to
produce the desired biaxial compression field. If there were errors
evident, further testing was performed to bring about correlation
between the two methods.
Two properties of the model material, CR-39* caused some difficulty
in obtaining accurate results. The first and major was the formation
of residual stresses along the boundaries of the holes with time.
This was retarded to some degree by the use of an air conditioning
unit and a desiccator. This undesirable property is inherent with
materials suitable for photoelasticity. The best solution to this
problem, that of machining a small amount of material off the edge
immediately prior to using the model, was not possible since the
testing of sixteen configurations spanned a period of fifteen days.
The other problem, though minor, was the slight effect of optical
creep upon loading. This was minimized by not keeping the loads on
over long periods of time and also through the uniaxial loading method
mentioned previously. When running the uniaxial load test, readings
were taken with increasing increments to maximum load and then the
reverse was performed. Any difference between the two loading
directions showed up as a kind of optical hysteresis loop.
Although CR-39 is brittle and has a tendency to chip while
machining, little difficulty was experienced as long as the machining
12

was done slowly and carefully with the high speed Chapman cutter.
Some slight edge stresses were induced with the Chapman cutter due
to the heat effect produced by the cutting tools « For this reason,
the readings of fringes were taken at points located very slightly in
from the edge of the hole. These points were scribed on the models to
insure the taking of readings at exactly the same reference point. This
is probably a contributing factor to the absolute value of the stress
concentration factor for the 6** x 6" model with a centered circular
hole being low when compared to theory.
From Figure I it is indicated that the circular hole has a lower
stress concentration than the elliptical hole when compared on the
basis of equal ratios of 2d/b (^minor axis dimension/edge distance
measured from center of hole to near edge). It is also evident that
the stress concentration factor increases at a greater rate for in-
creasing a/b ratios as the value of 2d/b decreases (Appendix E, Figures
VI through XIII).
When the results are compared on the basis of equal amounts
of edge removed from each model (Appendix E, Figures VI through IX) 5
there is approximately a constant increase in SCF (stress concentration
factor) between models regardless of the value of K.
Murray (4) states what the trend of the relationship between
a circle and an ellipse with a/b equal 2.0 in an infinite stress field
(6" x 6" model with 1" hole) with similar value of K should be relative






The smallest ratio (outside radius/inside radius) that was
experimented with was 1 .33 » The value of this ratio that exists for
present day submarine frames is about i.15« The 1.33 was chosen as
a ^feasibility" step to smaller ratios
»
The stress gradients were recorded in the form of fringe diagrams
so as to extrapolate to the very edges of the holes. By this method the
extrapolated fringe values represent only circumferential stresses
instead of the algebraic sum of principal stresses. This is because
the radial stresses go to zero at the free boundaries of the holes
being analyzed.
The major problem experienced in loading the model was that of
indicated strain readings drifting when applying load through the
stainless steel hoop. This was mainly attributed to the load cell's
sensitivity to bending
.
Due to this problem, more weight should be given to the results
as represented by Figure II on an absolute basis than on the relative
basis of SCF differences between individual curves. Lesser problems
were those due to optical creep and residual stresses of the material
similar to those discussed in Phase I. The residual stress problem
was minimized since the total time lapse for the testing of the four
models was only five days.
Minor bending might have been introduced into the results due
to slight variations in concentricity. This was avoided to the best




From Figure II it is indicated that a £•• hole at a radius of
3«59w in a unreinforced web frame of 4" outside radius and a 2gw
inside radius has a minimum SCF as defined .in the results. This
minimum SCF is reduced by 21$ through the addition of a £" by 1gn
flange with the same hydrostatic loading. The location for this minimum
SCF is shifted towards the geometric center of the web by 0.07" to
a radius of hole center equal to 3*52".
For the 4" outside radius and 3" inside radius unreinforced web,
the minimum SCF for a
^
w hole is located at a radius of 3»54w « With
the addition of a flange of the same size as described above, this
minimum SCF is reduced by 14$ and shifted 0.04" inward to a radius
equal to 3.50".
From the slopes of the curves, it is indicated that for the 1
^
n
unreinforced web frame it is advantageous to deviate in the inward
direction from the point of minimum SCF to minimize the SCF. With
the addition of the flange it makes little difference which direction
is chosen from the minimum SCF to minimize the SCF.
For the I 1' unreinforced and reinforced web frame it is quite
evident that if need arises to deviate from location of minimum SCF
it should definitely be done in an outward radial direction.
The effect of the closeness of the flange to the hole at radius
3«24" in the 1" wide web is evident as the curve of SCF's has a





A circular hole penetration in a submarine structural frame at
a specified location always has a lower stress concentration factor
than an elliptical hole with its major axis equal to the circle's
diameter and with the major axis parallel to the radial stress di-
rection This is true for values of K greater than one.
As the ratio of 2d/b for a penetration of a given a/b ratio
is decreased the stress concentration factor increases at a rate greater
than 2d/b. This rate also increases as the ratio a/b increases. This
means that the advantages of circular holes versus elliptical holes
orientated as in above paragraph in submarine penetrations are more
pronounced as the edge or boundary distance is decreased.
PHASE II,
For a hypothetical ratio of outside radius to inside radius of
1,60 for a submarine frame, the best location for the placement of a
penetration is not in the center of the web depth. For a circular
hole with a diameter equal to 16 6$ of the web's depth the best location
is 72o5# of the web's depth measured outward from the inside edge of the
web. This 72.5$ is reduced slightly with the insertion of a flange on
the inside edge of the web„
For a ratio as defined above equal to 1 .33 <> which more closely
approaches the actual submarine ratio of 1.15* the best location for
16

for the placement of a circular penetration is close to the center of
the web's depth. For a circular hole with a diameter of 25.0$ of the
web's depths the best location is only 4.0$ off the centerline of the
web in the outward direction. Again, there is the same effect on this
location with addition of a flange as in the above paragraph.
Deviations from the established locations of minimum SCF for












fort outside radius of web = 4.0 units
inside radius of web =3.0 units
hole diameter = 25$ of web depth
In Case I the deviation from the radius of minimum SCF was 13$
of web depth radially outward and its corresponding increase on minimum
SCF was 12.5$. In case II the deviation from the radius of minimum SCF
was the same amount but radially inward and the corresponding increase
on minimum SCF was 33 » 4$.
The deviation in the above example is probably even more pronounced





Every effort should be made to keep the time lag between the final
cut in a photoelastic model close to where fringe readings will be
taken and the actual recording of data as short as possible „ In
conjunction with this, a photoelastic laboratory with closely controlled
temperature and low humidity would be of great aid in preventing time
edge effect
o
Use fast "accurate" loading to prevent optical creep which may
cause experimental error at high stress levels. By the word "accurate"
is meant direct reading load cells o Direct reading load cells indicate
loads at the point of application and not at a remote location as using
a remote pressure gage to indicate pressure in a hose that is supposedly
transmitting that pressure through a hose to a model. (1)
PHASE Jo
It is strongly recommended that all experimental work with
biaxial stresses use the principle of superposition as a cross check on
data. This applies to values of K from-oo to+«> „
One study that would prove useful is varying the a/b ratio of
the ellipse in an approximate infinite field with values of K from -1
to 4-1. Murray (4) has shown that for K between -0.50 to +0.65 an
ellipse with a/b equal to 2 gives a lower stress concentration than a
circle. By varying a/b from 1 to a value of about 3 in increments 3 a
18

plot of minimum stress concentrations less than that of a circle could
be established. By varying edge distance parallel to the major axis
with the same range of K another variable could be incorporated into
the stress concentration factor of ellipses.,, The results of an investi-
gation of the type mentioned above for values of K of about +0.20
would be applicable to submarine frames.
The results of this phase prove the feasibility and also indicate
the value to be gained by further work along the same lines. The radii
ratio could now be reduced to 1.15 and experimentation done with the
same variables —= circular hole location and flange effect and possibly
with other variables as hole interaction between closely spaced holes,
ellipses, and reinforcement of penetrations.
A model with a ratio of 1.1$ would have larger dimensions than the
ones worked with in this phase. The problem of concentricity will be
more evident in the form of bending stresses which means that the
accuracy of machining would become more critical.
It is recommended that a study be made into the reduction or
elimination of the sensitivity of the load cell to bending if such a






A a DETAILS OF PROCEDURE
Prior to the construction of the models, brass elliptical
templates were manufactured. This was done by using a panograph
machine which followed elliptical plastic templates and reproduced
their shapes in brass at a 2s 1 reduction in dimension
„
The models were rough cut to within about 1/8** of the chosen
shape using a jigsaw. Straight edge brass templates and the above
elliptical brass templates were then attached to the rough model.
These templates served as guides to the finished model shape c
The finished model shape was obtained using a Chapman high speed
tungsten carbide rotary cutter. This high speed and the sharp tungsten
carbide teeth prevents the introduction of heat stresses in the edges
of the model. Therefore, annealing to remove stresses after machining
is eliminated. Also edge polishing is not necessary since the cutter
leaves an extremely smooth surface.
The tensile specimen shown in Appendix E 5 Figure V was made the
same way as above using a brass template as a guide in the machining
process.
The loading frame is shown in Figure III. The four loading
surfaces in contact with the model were made from rolled steel. These
were polished to a true flat mirror surface on plate glass with fine
emery cloth. They were then scribed and labeled to facilitate accurate
positioning of the model in the loading frame. Mineral oil was used
20

between model and loading surfaces to ensure uniform contact pressure.
Two load cells were used for this experiment. The top load cell
was a dial indicator which read deflections of a calibrated load
spring to the degree of accuracy of a few pounds. The load was
transmitted to the top load cell by a double acting hydralic cylinder
supplied with pressure by means of hand pumps. The side load cell was
a "double beam type*9 . It consisted of eight strain gages and had double
the output of a single strain gage plus a high degree of sensitivity.
It was hooked into a strain indicator which was calibrated to read
resistance changes to the degree of accuracy of a few pounds. The
load was transmitted to the side load cell by a single acting hydraulic
cylinder supplied with pressure by means of another hand pump„
For the first size of the models (6W x6")p the top load was held
at 600 pounds and the side load varied in increments of 100 pounds from
to 600 and back down from 600 to 0. This reversal in side load was
done to check for optical creep of the material. The 600 pounds was
chosen to give adequate values of fringe orders and at the same time
not encounter a buckling problem in the model a To cross check data
by the principle of superposition, some runs were made with zero side
load, top load varying from to 600 and back down from 600 to 0, in
increments of 100 pounds. The same process was used for the side load
with the top load equal to zero.
After the above testing the sizes were reduced as shown in Figure III




Before starting this phase an extensive study was made to find
the best method of simulating hydrostatic pressure for a ring frame
from the point of view of accuracy of the data and cost.
One avenue persued was that of the hydraulic loading system
similar to the one used by Cober»(2) This method was eliminated
due to the approximate cost being several hundred dollars and the
question of feasibility.
The method decided upon was quite simple in principal, low in
cost, and proved effective* This method used a stainless steel band
to apply a uniform hoop stress An Aero-Seal worm drive clamp, pri-
marily used for hoses, was tested on a sample model 6" in diameter.
The Aero-Seal clamp was tightened by means of a screw driver. This
feasibility test run proved the effectiveness of the method, but not
enough torque could be applied to the clamp through the screw driver,
A "Band-It Tool" was then discovered to exist. This tool could
apply a force of 1875 pounds in a stainless steel band of 5/8" width
and in any diameter. This 1875 pounds was more than enough hoop
stress to simulate hydrostatic loading.
The following method was then developed to directly measure the
hydrostatic pressure caused by the stress in the stainless steel band.
From Timoshenko's (18) thick wall cylinder theory (external pressure
only) the radial and tangential stresses at various radii were computed.
From these stresses the differences (0"^ - <T~T ) were related to pressure
directly through the argument of radius in Appendix E, Figure XIV. The
22

differences (<J£ - (J^) were used since isochromatic fringe order read-
ings represent these differences directly.
After calibration of a tensile specimen as done in Phase I, the
fringe order was added to the nomograph „ Now, at any given load in
the band around the model, the fringe order at a particular radial
distance could be observed and directly related to pressure.
The measurement of the load in the band was accomplished by
using two SR-4 Type a-3 strain gages and a Strainsert Strain Indicator.
The advantage of this system was that once calibrated for the
model without holes, the strain readings represent the same hydrostatic
pressure regardless of changes in inside diameter, flanges, or penetra=
tionso
Various combinations of rubber, teflon paper, and mineral oil
were experimented with between the stainless steel band and the model
to reduce stress concentrations due to machining <> The best combination
was a thin rubber band directly under the steel band and a piece of
teflon paper between the rubber and the model as shown in Figure IV c
The stress concentration mentioned above arose from machining.
The Chapman high speed cutter was not used for this phase but rather
a machine lathe at a low RPM.
One problem that had to be overcome or reduced was the fabrica-
tion of stress and chip free £M holes. The size of the high speed
tungsten carbide cutters precluded their use for these holes. All
combinations of drill RPM and drilling rate were tested. The faster
the drill RPM, the more residual stresses but the less chipping around
2.3

the surfaces of the hole. The slower the drill REM, the less residual
stresses but more chipping. The best combination was found to be that
using a low RPM The start of the hole was done at a slow drilling
rate followed by a fast drilling rate and again a slow drilling rate

















































6"x6"MODEL 6»x5"MODEL 6"x4i"M0DEL 6"x4"MODEL
K SCF K SCF K SCF K SCF
Circle 1.00 1.64 0.95 1.80 0.93 1.93 0.89 2_13
(a/b = 1.00) 1.20 1.78 1.19 1.95 1.16 2.12 1.11 2.26
a = 1 .00™ 1,50 1.92 1.58 2.10 1.54 2.24 1.48 2.34
o^i = 245PSI 2.01 2.10 2.38 2.28 2.31 2.36 2.22 2.53
XL 1
2.99 2,26 4.80 2.49 4.62 2.57 4.46 2.69
5.98 2.42 CO 2.71 oo 2.73 00 2.82
oo 2.62
Ellipse
(a/b = 1.11) 1.03 1.60 0.98 1.83 0.94 2.10 0.90 2.31
a = 1.16" 1,24 1.75 1.22 11.97 1.18 2.21 1.13 2.44
a^ = 253PSI 1.55 1.89 1.62 2.11 1.57 2.32 1.51 2.60
2.0? 2.12 2.44 2.34 2.36 2.48 2.26 2.72
3.09 2.32 4.87 2.54 4.68 2.66 4.52 2.90
6.18 2.53 c*5 2.75 oO 2.78 00 3.06
oo 2.67
Ellipse
(a/b = 1.42) 1.07 1.86 1.03 2.02 1.01 2.21 0.98 2.70
a = 1.15" 1.28 1.96 1.28 2.14 1.26 2.30 1.22 2.79
a^ = 253PSI 1.60 2.10 1.71 2.26 1.69 2.40 1.63 2.9041 1
2.14 2.28 2.58 2.42 2.53 2.57 2.43 2.98
3.20 2.44 5.18 2.65 5.06 2.72 4.86 3.10
6.50 2.64 oo 2.89 oo 3.00 CO 3.20
©o 2.86
Ellipse
(a/b = 1 .84) 1.13 2.00 1.10 2.16 1.08 2.50 1.06 2.90
a = 1.14" 1.36 2.11 1.37 2.32 1,36 2.53 1.32 2.98
CT^ = 2 58PSI 1.70 2.16 1.83 2.36 1.80 2.64 1.77 3.06
2.26 2.40 2.64 2.48 2.58 2,71 2.66 3.18
2.98 2.52 5.50 2.73 5.38 2.89 5.27 3.26






SCF FOR SCF FOR SCF FOR SCF FOR
RADIUS TO 1^«» WEB 1^" WEB 1" WEB 1" 'WEB
HOLE'S CENTER WITHOUT WITH WITHOUT WITH
FLANGE FLANGE FLANGE FLANGE
3.725" 2.52 2.06 2.03 1.83
3.625" 2.27 1.90 1.77 1.62
3.495" 2.32 1.79 1.74 1.44
3.375" 2.42 1.95 2.17 1.88





Calculations for the ellipse (a/b = 1.84) with 2tt cut off edge parallel





P = 80 lbs,
L = 5.95"
W = 4.00"









Net sectional area of 1 = (,L-a)t = (5.95-1.14)0.488 = 2.34 in2 = A
1
Net sectional area of 2 = (W-b)t = (4.00=0.62)0.488 = 1.64 in2 = A2
The nominal stress based on net section area after removal of elliptical
hole = P/A = <T~
' n
cr
n1 = P1 /A 1 = 600/2.34 = 2S8 PSI ; <3^2 = P2/A2 = 80/1.64
= 49 PSI
K 5 the ratio d^/o^z = 258/49 = 5.2?
The fringe constant of this material as. determined in Appendix E,
Figure V was 96lbs/( in) (order)
„
G~j - 0~~2 = fn/t (Shown in Supplementary Discussion)
Since we are at the free boundary when taking readings of fringe orders
at *AW , CT2 = 0, and
tf~i = (96)(4o2?)/0.488 = 840 PSI = crmax A
Stress concentration factor = ^C3v/o~r, = SCF




Calculations for the 1 w web model without flange for hole at radius















p = 100 PSI
il = 4«8 orders
n f
= 4.3 orders
From (18) for thick wall cylinder theory
OTan^ntial = °7 = - p b
2/(b2-a2 ) D+a2/r2]t genti
^radial
.2/2-
- O; - - P//(bV) [l-a7r^]
at r = 3c 00 s1 (location of maximum tangential stress for the model
if no holes were present)
FT.tg 00„
—(100) (16) n+2"l = 457.14 PSI
1 A_Q L qJT6^9
r^o no«
=
-(100) (16) M-2"| = 0.0 (free boundary




The fringe constant nf™ of this material was 83o51bs/(in)(order)
.
q>=fn/t = (83.5)(n)/0.505 = 165. 3n
a-t r = 3.37tt ^ = (165.3) (4.8) - 794 PSI (larger governs)
at r = 3o62» ^ = (165.3)(4.3) =711 PSI








The photoelastic method of analization is an accurate means of
determining the stress distribution throughout a model . It is based
on the theory of double refraction being proportional to maximum stress
at a point in a model. A polariseope, loading frame, and method of
fabricating stress free models are the only items needed to obtain
Yisually the stress distribution through photoelasticity n
A plane polariscope consists of a light source with a polarizer
and analyzer o The light source for this particular photoelastic study
was white light from an incandescent lamp. This lamp emits radient
energy that is onwii-direetional with all wave lengths present. The
polarizer filters the light and only allows the vibrations of light in
one plane to pass through its privileged axis.
As the polarized beam of white light passes from the polarizer into
the transparent plastic model of thickness "t" the light vector splits.
This split is dependent upon the index of refraction of the photoelastic
material. It is directly proportional to the stresses in the model
within the linear range of the stress-strain curve of the model material.
Let 1 and 2 represent the directions of principal stresses at a particular
point in the model, 0". and CT1 represent the stresses in these directions,
and V^and V? represent the speed of the light in these directions. The
time interval for the light to pass through the model will be &. The






c (vri) = t(n,-n2 )
where g b = relative retardation measured in inches between the
two phases
C = proportionality constant depending on velocity of light
n = & = refractive index of the material
.
Brewster (6) established the law that the relative change in index
of refraction of photoelastic materials is proportional to the differences
of principal stresses or in equation form
(n4 -n 2) = K for - or)
where K is a dimensionless constant of the material^ termed "strain-
optical coefficient"*. From Brewster's Law and the previous equation
comes the basis of photoelasticity that
Determination of the phase difference is therefore a measure of differ-
ence between the principal stresses*
These split light vectors after leaving the model arrive at the
analyzer. The analyzer passes without alteration any light which is
parallel to its privileged axis in a manner similar to that of the
polarizer. This single plane of light will be visible to the human
eye if in the range of human perception from 4000 to 8000 Angstrom^ units.
As the analyzer is rotated in its plane through 90°, either clockwise
or counterclockwise ^ the magnitude of the light that was undisturbed
when parallel to the analyzer's privileged axis diminishes till at the
8* 1 Angstrom = 10 cm„
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90° position complete extinction of the light occurs,, The amplitude of
vibrating light WAW that is observed is therefore a function of the angle
between the original plane of vibration and the principal plane of stress
designated M »t « and also the phase difference " $ n
With monochromatic light (one wave length present) dark spots are
observed at points where
A sin 2* sin I -
These dark spots are linked together in a fringe to form loci of constant
difference (T^— G-T ) between the principal stresses and are called iso-
cramatics (cases where & = 0°, 180°, . o.j,n ) Also present are dark
lines representing the loci of constant stress directions called iso-
clinics (cases where <x. = Q° or 90°).
For this particular study the isoclinics are redundant and therefore
eliminated by converting the plane polariscope described to a circular
polariscope. This is accomplished by the insertion of quarter-wave
plates on either side of the model,, With the circular polariscope one
may determine differences between principal stresses and the value of
the principal stress along free boundaries where a^r goes to zero.
With white lights which is used for this investigation, the dark
areas mentioned above in conjunction with monochromatic light are not
obtained except where S = 0, caused by ^ ~ ®z = O If at a point
in the model there is complete extinction of a particular wave length
the complementary color will appear. For example, if the wave length of
red is extinct, the complementary color green will appear „ The most
accurate visual observations are made when, at points under investigation,
33

the yellow of the spectrum is just a tint. This causes a transition to
appear between two contrasting bands of green and red. This tint of
yellow is accomplished by rotation of the analyzer lens.
The tint of the yellow and the color spectrum visual display are the
main advantages of using white light versus monochromatic light. It is
easier to determine the tint of yellow than the center of the black fringe
as seen with monochromatic light. The color spectrum with its sequence in
the direction of increasing stress (yellow=red-green=yellow-red=green,etc.)
makes it a great deal easier to identify different fringe orders (No.1 ? No. 2;
Noo3ji etc.). By counting fringe orders and fractions thereof , it is
possible to measure directly the magnitude of stresses in the model.
Prior to measuring magnitudes of stresses the fringe constant must be
correlated with the material. The equation of the fringe constant is




t = ~ measured in in. x order
where t n = order of interference.
This fringe constant is the strain necessary to produce one fringe. The
lower the fringe constant the more sensitive the model material.
Measurement of the fringe constant of the material is accomplished by
making a test sample out of the sheet of material to be used for the model.
This test sample is then accurately measured in tension and observed visual-
ly to determine fringe order versus load applied. With this data a calibra-
tion curve (See Appendix E, Figure V) can be drawn which is used in conjunc-
tion with actual testing. The tension test is used although the model will
be in compression because the tension method eliminates any buckling effect
and is more accurate.
34
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3o72.5*RADIUS 3.625*RADIUS 3.495**RADIUS 3.375 n'RADIUS 3=245 raRADIUS
TO CENTER OF TO CENTER OF TO CENTER OF TO CENTER OF TO CENTER OF
HOLE HOLE HOLE HOLE HOLE
ORDER RADIUS ORDER RADIUS ORDER RADIUS ORDER RADIUS ORDER RADIUS
1 J»WEI5 WITHOU'r FLANC}E
3.0 3.52 2.0 3.38 2.5 3 = 29 3.6 3.17 3=Q 3.01
3.5 3.55 2.5 3.40 3.0 3=32 3 = 5 3.19 3.5 3.05
4.0 3.56 3.0 3 = 44 3.5 3.34 4.0 3.2! 4.0 3.07
4.5 3.59 3.5 3.46 4.0 3.35 4=5 3=24 5 = 2 3.12
5.0 3.60 4.0 3.48 4.6 3.37 4=8 3 = 25 HOLE
HOLE 4.5 3.50 HOIJ£ HOLE 4.7 3.37
4.8 3.85 HOLE 3.9 3 = 62 3.8 3 = 50 4=0 3.39
4=5 3.86 4.1 3.75 3.5 3.64 3 = 5 3 = 51 3.5 3.41
4.0 3.88 3.5 3.77 3=0 3 = 67 3.0 3 = 53 3.0 3.42
3o5 3.90 3.0 3.79 2.5 3.69 2.5 3.56 2.5 3.51
3.0 3 = 93 2.5 3.81 2.0 3.74 2.0 3.62 2.0 3.53




1.5 3.45 1.0 3.26 1.5 3=26 2=0 3.15 2.0 3 = 02
2o0 3 = 52 K5 3.39 2.0 3=30 2.5 3 = 18 2.5 3.05
2.5 3 = 54 2.0 3.44 2.5 3.32 3.0 3.21 3.0 3 = 07
3.0 3 = 57 2.5 3.45 3.0 3=36 3.6 3.25 4.1 3 = 12
3.5 3.59 3.0 3.48 3.2 3=37 HO].E HO]uE
3^8 3 = 60 3.5 3.50 HOIjE 3.5 3 = 50 3 = 8 3.37
HOLE HOLE 3.3 3.62 2.5 3.54 3=0 3.40
3.8 3=85 3.4 3.75 2,0 3 = 67 2.0 3.57 2.5 3.44
3.5 3 = 87 3.0 3.77 1.5 3.70 1.5 3.62 2.0 3.45
3.0 3.90 2.5 3.79 1.0 3=75 1.5 3.51
2.5 3 = 91 2.0 3.82 0.5 ^.88 1.0 3.67
2.0 3.96 1.5 3.86




3c725"RaDIUS 3.625"RaDIUS 3.495WRADIUS 3.375 'RADIUS 3.245*RADIUS
TO CENTER OF TO CENTER OF TO CENTER OF TO CENTER OF TO CENTER OF
HOLE HOLE HOLE HOLE HOLE
ORDER RaDIUS order radius ORDER RADIUS ORDER RADIUS ORDER radius
1" WE] 5 WITHOU r flancjsE
2.5 3.50 2.0 3.31 3.0 3.27 3.5 3.09 6.0 3.06
3oO 3.53 2.5 3.38 3.5 3.30 4.0 3.15 7.4 3.12
3.5 3.54 3.0 3.41 4.0 3.32 4.5 3.19 ho:LE
4.0 3.56 3.5 3.44 4.5 3.36 5.0 3.21 5*7 3.37
4.5 3.58 4.0 3.46 4.8 3.37 6 o 3.25 5.5 3.38
5.6 3.60 4.9 3.50 HO]jE HOLE 5.0 3.41
HO]J& HOLE 4.3 3.62 4.8 3.50 4.5 3.45
4.7 3.85 4.5 3.75 4.0 3.65 4.5 3.51 4.0 3.48
4.5 3.86 4.0 3.77 3.5 3.69 4.0 3.52 3.5 3.50
4.0 3.89 3.5 3.79 3.0 3.75 3.5 3.56 3.0 3.52
3.5 3.91 3.0 3.84 2.5 3.78 3.0 3.61 2.5 3.64
3.0 3.96 2.5 3.91 2.5 3.69
2.5 3.97
2.0 4.00
1" WEJ3 WITH F..aNGE
2.0 3.42 2.0 3.38 2.0 3.25 2.5 3.10 4.0 3.03
2.5 3.50 2.5 3.42 2.5 3.29 3.0 3.17 4.5 3.07
3.0 3.54 3.0 3.45 3.0 3.34 3o5 3.19 5.0 3.10
3o5 3.56 3.5 3.49 3.3 3.37 4.3 3.25 5.2 3.12
4.0 3.59 3.7 3.50 HOLE HOLE HOLE
4.2 3.60 HOLE 3.2 3.62 3.5 3.50 4.3 3.37
HOLE 3.6 3.75 3.0 3.63 3.0 3.52 4.0 3.38
4.1 3.85 3.0 3.80 2.5 3.68 2.5 3.56 3.5 3.40
4.0 3.86 2.5 3.82 2.0 3.73 2.0 3.62 3.0 3.42
3.5 3.90 2.0 3.87 1.5 3.81 2.5 3.48
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